The performance and modification mechanism of Buton rock asphalt (BRA) modified asphalt were analyzed. The road performance of modified asphalt was observed and compared with SBS modified asphalt to confirm the modification mechanism. Fourcomponent test, and dynamic shear rheological tests were conducted to identify the performance of modified asphalt. Fourier transform infrared spectroscopy was carried out to analyze the modification mechanism of modified asphalt. Finally, the rutting, low-temperature bending beam failure, and freeze-thaw splitting tests were used to evaluate the high-temperature performance, low-temperature cracking resistance, and water stability performance of mixtures, respectively. The results show that the high-temperature performance of asphalt can be improved by BRA with asphaltene and resin increased. It is likely that there is no new functional group generated and this process was physical changes mainly. The honeycomb structure of BRA ashes/particles increased the contact area between the base asphalt and BRA ashes/particles, which makes the asphalt change from the homogeneous body into a two-phase continuous structure system. Consequently, the adhesion between asphalt and BRA ashes/particles was enhanced, and the dynamic stability, bending coefficient and splitting strength ratio were improved. It indicates that the test results of asphalt mixtures verified the modification effect of BRA.
INTRODUCTION
Asphalt is a temperature-sensitive material, which inclines to rut under high-temperatures 1 and cracks at low-temperatures. 2 Thus, the modification technologies are often used to improve the performance of asphalt. 3 The modified asphalt is a mixture of high molecular weight polymers such as rubber, plastic, fine rubber powder, or other filler type admixture with base asphalt so that the properties of the asphalt can be improved. 4 The polymer is commonly used for the modification of asphalt, like thermoplastic rubber modified asphalt, rubber modified asphalt, and thermoplastic resin modified asphalt, and so forth. 5 The modifiers are added to the base asphalt by the modification processes so that the modifiers can be uniformly and invariably dispersed in the base asphalt. The commonly used modification methods include directly miscible way, masterbatch and latex. 6 In this project, the BRA modified asphalt is produced using the direct miscibility method.
The Buton rock asphalt (BRA) is produced in Southeast Asia on the island of Buton, Indonesia. Oil from the earth's crust infiltrates into the earth's surface and forms natural asphalt after long geological changes. BRA was excavated from the ground or from the mountain and crushed to form light brown fine particles like "coal ash". The asphaltene content of BRA is about 20%, and the rest is some minerals, which have good adsorption properties to base asphalt binder. The BRA is a kind of asphalt which is produced by a variety of environmental influences, and it has good stability. 7 It also has a strong immersion property with the base asphalt. The adhesion between the asphalt and BRA is greatly enhanced and the anti-peel property is improved, making it an excellent asphalt modifier. 8 The BRA is recognized as specially modified asphalt, but there is no standardized evaluation for the modification effects of BRA towards its modified mechanism exists, resulting to limited application of the asphalt. Previous research mainly focused on the performance of BRA modified asphalt mixture. 9 Therefore, it is necessary to study the modified mechanism and performance of BRA to improve the relevant theoretical and applicable engineering data.
Scientists at Hussein University in Malaysia conducted a comparative study of BRA and its gums to conclude that the BRA-spun mixed material has better stiffness and rutting resistance. 10 Zamhari 11 found that BRA binders yielded mixtures with better stiffness modulus, the rate of permanent deformation, and creep stiffness compared to petroleum bitumen mixture. Mixtures with a higher percentage of granular BRA yield a better performance when compared to the mixture of pure BRA bitumen. Rusbintardjo 12 studied the high-temperature rheological properties of asphalt mortar and discovered the elastic composition and rutting factor were increased. When BRA was used as a binder in HMA mixtures, it improved the performance of the mixtures. Marshall stability and stiffness of the mixtures is higher compared to that of base bitumen binder. In China, Chen Xu et al. designed the mixture ratio of BRA modified asphalt mixture and found that it has excellent performance in terms of durability and service performance. 13 Du Qunle and others discussed the modification of the BRA, and there are many reticulated pore structures in the Buton rock asphalt. 14 Zha Xudong found BRA contains a considerable proportion of calcium carbonate, which improved adhesion properties and anti-stripping performance between the asphalt and aggregate. 15 Li Ruixia 16 points out that base asphalt and BRA particles are inclusive and permeable to each other, forming a two-phase continuous structure staggered with each other.
Although previous studies have demonstrated that BRA is an effective modifier, the modification mechanism of BRA additives on asphalt has not yet been clearly understood. To answer this question, a typical Fourier transform infrared spectroscopy (FTIR), and three-dimensional scanning was selected and applied to BRA modified asphalt in this study, and various conventional asphalt and asphalt mixture tests were conducted. The conventional asphalt tests include four component tests, penetration, softening point, and ductility tests, dynamic shear rheometry (DSR); the conventional asphalt mixture tests include rutting test, low-temperature bending beam failure test, freeze-thaw splitting test. The emphasis of this study has been placed on analyzing the BRA modification mechanism from the viewpoints of the microscopic morphology, chemical composition, and molecular structure. It is anticipated that the research results of this study will benefit the engineering practice of using BRA modified technology and promote its wider application.
EXPERIMENTAL MATERIALS
The AH-70 base asphalt, Styrene-Butadiene-Styrene (SBS) modified asphalt, and BRA ( Figure 1 ) was selected in this article. The basic properties of BRA are shown in Table I . The high-speed shear and electric furnace were used to heat the AH-70 base asphalt binder to 140-145 before mixing of modified asphalt binder to ensure the complete melting of the base asphalt. To fuse the BRA with the base asphalt and prevent aging of asphalt, the entire process should be controlled below 170
. The BRA with different proportions was added to the asphalt binder. The temperature was controlled at about 165 and stirred for 30 min, and the modified base asphalt binder was prepared. 16, 17 According to relevant research experience of BRA modified asphalt mixture, it was determined that the proportion of BRA was 3%. 18 The optimum content of asphalt is 4.6%, Buton rock asphalt of asphalt mixture is 3%, BRA ash is 74.17. The ratio of BRA to the asphalt is as follows:
Therefore, BRA modified asphalt binders with two contents were mixed, and one content is 83%, another as a contrast content is 77%.
The ash and the solubility in BRA help the formations and compatibilities of asphalt mastics between the fine aggregates and asphalt binders. Fewer water contents in BRA, the purity of BRA is higher, which can enhance the contact area between BRA and base asphalt. It is a good tendency to use the small particle size in BRA to enhance the physical crosslinks with asphalt binders. The Marshall test procedure is used to determine the optimum asphalt content for the asphalt mixture according to the "highway Figure 2 . During the sample making, the aggregates are preheated in the oven for 4 h, and then it was placed in the mixing pot, adding aggregates and asphalt binders with stirring for 90 s. The vibratory compactor was used to fabricate the specimens to adjust the height of specimens and control the speed and method.
CONVENTIONAL ASPHALT TESTS

Components of Asphalt Binders
To observe the changes in properties of asphalt before and after modification, it is necessary to observe changes in its molecular structure. The test principle for components in asphalt binders is derived from the liquid-solid adsorption chromatography. The liquid molecules of the materials adhere to the solid surface by the surface tension. Due to different adsorption capacity, polar substances are easily adsorbed by adsorbents. 21 The four-component analysis was used to analyze the BRA asphalt samples, the base asphalt, BRA modified asphalt and SBS modified asphalt. The test results of modified asphalt binders and BRA are shown in Figure 3 . Figure 3 shows that the content of asphaltene increases significantly in the modified asphalt compared with the base asphalt due to a large amount of asphaltene in BRA materials. The asphaltene also increases with the increase of the BRA content. The amount of the resin increased slightly in BRA modified asphalt binder, and the results are reasonable. The content of saturated fraction and aromatic fraction are reduced due to a small proportion in BRA. In addition, the amount of saturates in SBS modified asphalt binder is lower than those of BRA modified and base asphalt binders, and the content of resin in SBS modified asphalt binder is higher than those of BRA modified and base asphalt binders. It is likely that the asphaltene has a strong polarity and a large molecular weight. With the increased content of asphaltene, the asphalt binder becomes hard. The resin is one of the strong polar components in the asphalt binder, which helps asphalt have a good shape and adhesion to aggregates. It is conducive to improve the low-temperature performance. Saturated and aromatic fractions are mainly to soften and stabilize the asphalt binder. 22 The basic and dynamic properties are compared as follows.
The high-temperature performance is related to asphaltene and resin, and the low-temperature performance is related to saturated and aromatic fractions. 23 The results in this article coincide with the references. The asphaltene in the BRA modified asphalt binder is gradually increased with the increase of BRA content, and meanwhile, the penetration of the BRA modified asphalt decreased. The increase of BRA content also caused the softening point be increased. However, the increase of asphaltene will lead to greater penetration of asphalt and poor durability of the asphalt mixture. Therefore, the amount of BRA in asphalt binders is sensitive to the properties. It is good to select the content of BRA or form composite materials to enhance high-and lowtemperature performance.
Basic Properties
Based on the Marshall test specification, the basic tests were used to evaluate the influence of BRA on the asphalt binder, including penetration, ductility, and softening point. The test results are shown in Table II. It can be seen from Table II that the penetration and ductility of modified asphalt decreased compared to the base asphalt binder, and this means that the BRA modified asphalt was hardened. There is a slight decrease in the penetration and ductility of SBS modified asphalt binder observed and it is possible that the effect of SBS on the low-temperature of asphalt binders was not significant. The softening point increased and the high-temperature 
Dynamic Shear Rheometer
The low-temperature and high-temperature performance related to elasticity and viscosity, respectively. The complex shear modulus G* and the phase angle δ to characterize the viscosity and elasticity of asphalt binders. 24 The results of two parameters from DSR testing are shown below in Figure 4 .
The phase angles δ of asphalt increase with temperature increased, whereas the rutting factor of asphalt decrease. At the same temperature, the phase angle δ of BRA modified asphalt becomes smaller as the content of BRA increases. The phase angle δ of the modified asphalt binder is smaller than base asphalt's, Meanwhile, the rutting factor of modified asphalt binders are larger than base asphalt. It means that the modified asphalt binders are more elastic. With the content of BRA increase, the elastic of modified asphalt increased. It is potential that the high-temperatures of asphalt binders and mixtures improved by BRA additives. The resistance of asphalt binders and mixtures to deformation is enhanced, and the durability becomes better.
MODIFICATION MECHANISM ANALYSIS TEST
From the abovementioned conventional asphalt tests, it can be known that the reason why the BRA improves the properties of base asphalt is mainly due to the increase of asphaltene and resin, as well as the decrease of the penetration and ductility, and the increase of elasticity. Based on the above experimental results, the mechanism of modified asphalt is analyzed.
Fourier Transform Infrared Spectroscopy
The FTIR was adopted to observe the spectra of four kinds of asphalt binders. As BRA is a solid particle, the preparation process is different from other kinds of asphalt binders. The sample preparation is demonstrated as follows, and the FTIR test results are shown in Figure 5 .
( Figure 6 ) the spectrum curves of four BRA samples are similar due to the strong influence of base asphalt binder on the IR spectra, and it is possible that the same bonding information of the samples was observed. For instance, same peaks at 2930 and 1679 cm −1 were showed in four kinds of asphalt binders, and two peaks corresponded to saturated hydrocarbon and hydroxyl, respectively. 25 In general, BRA is mostly composed of the unsaturated carbon chain, carboxyl, amino, and silicon oxide. The base asphalt is mainly composed of the saturated carbon chain and unsaturated carbon chain.
When the asphalt binder is irradiated with infrared light, correspondingly, the chemical bond or functional groups in the asphalt molecules vibrate with the absorption of infrared lights at different frequencies. The waveform is displayed at a specific position on the spectrum. From the peak position and size, the chemical bonds and the functional groups of the materials in the asphalt can be determined. 26, 27 It can be seen from the spectrum that there was no new peak generated probably. That means the two kinds of modified asphalt have the same functional group. Although the positions of some peaks changed, that may indicate internal molecular interaction. The trend of infrared spectra of the four asphalts is the same. The changes after the modification are only the contents of functional groups, which are the amount of base asphalt and BRA. In summary, it is likely that this modification is a physical miscibility process and no new chemical element generated ( Figure 6 ).
Scanning Electron Microscopy (SEM) Analysis
Considering that BRA contains a large amount of ash, this article focuses on the observation of ash, and the mineral powder is an essential element of the mixture, so it is used as a contrast. The particles of rock asphalt, the particles of rock asphalt ash, and the ore particles were observed by SEM, to explore the apparent morphology and the mechanism of improving the high-temperature stability of the modified asphalt. As the test sample is not a conductor, before testing, the samples need to be gold-plated to make the surface a conductor. After the gold-plated processing, the heat will be generated and it will produce the apparent morphology of asphalt binders. The heat can lead to the changes of element contents. The discontinuous gold-plated processing was used to avoid this effect.
We put the conductive and double-sided adhesive on the sample, as shown in Figure 7 (a). The sample is placed correctly to ensure that the sample observed is parallel to the interface. The sample was set into the chamber at the temperature of −10 C for 1 h. When the indicator of "experiments" lighted up, we adjusted the radiation intensity of gold-plated, and the sample was tested immediately around 10 s. Then, we moved the samples to the low-temperature incubator for 15 min. We repeat the gold-plated steps until the surface of the sample is thin and uniform. The SEM results are shown in Figure 7 (b) through Figure 7 (d). Figure 7 demonstrates that the surface of the BRA particles has many pores, and likes a honeycomb, which may make the connections between BRA and base asphalt easier. The surface of the mineral powder is clean with respect to the BRA particles. When the base asphalt is mixed with the BRA, not only the space of the asphaltene and ash can absorb the base asphalt, but also the surface of these particles can receive the base asphalt whereas the surface of the mineral powder is clean and complete and the content of base asphalt was assimilated less. Considering this, it can be found that the BRA ash and base asphalt are fused together and permeate into the pores. Powders lack pores making it difficult to fuse the base asphalt. The combination style between BRA/ash and the base asphalt is deduced and shown in Figure 8 (a), as well as the combination style between the mineral powder and the base asphalt in Figure 8(b) .
The mixing process of base asphalt and BRA is an "organicorganic" mixture whereas the mixture with base asphalt and the mineral powder is an "organic-inorganic" mixture. The modification process is a physical reaction. It is important to control the content of functional groups. It is possible that the mixtures of organic matters are easier to mix compared to an organic matter with an inorganic material. In addition, it is also deduced that the adhesion ability of BRA and base asphalt is greater than that of base asphalt and mineral powder.
CONVENTIONAL ASPHALT MIXTURE TESTS
High-Temperature Stability
The high-temperature stability refers to the resistance of the asphalt binders to the repeated vehicle load under the hightemperature conditions without a significant permanent deformation. 28 Rutting test is the most frequently used method to simulate the actual wheel running. The dynamic stability is one of the evaluation indexes. The wheel-shaped sample was cut into a bar (300 mm × 300 mm × 50 mm), and the four types of asphalt mixtures were subjected to the condition of high-temperature 60 C and a speed of 42 times/min. There are three parallel pieces. The indoor rutting test data was averaged and recorded in Table III . According to the rutting test results, we can see that four types of mixed materials meet the specification requirements. The dynamic stabilities of asphalt mixtures with 83 and 77% BRA are 2.01 times and 1.94 times higher than that of the base asphalt mixture, respectively. Also, the dynamic stability of SBS modified asphalt mixture is 1.85 times higher than that of the base asphalt mixture. It shows that BRA can improve the high-temperature stability and rut resistance of asphalt mixtures effectively. It is possible that the higher viscosity of the asphalt is, the better adhesion of the asphalt to the aggregate. Correspondingly, the asphalt mixture with high viscosity may be more resistant to high-temperature deformation. From the previous test results, the penetration of modified asphalt is reduced with the addition of BRA in asphalt binders. The smaller the penetration of asphalt binders is, the harder the asphalt binder is. It may have a greater consistency and viscosity. As a result, the high-temperature stability of asphalt mixture with BRA is enhanced.
Low-Temperature Crack Resistance
The low-temperature bending beam failure test was used to analyze the anti-cracking performance of mixture at low temperatures. The bending stiffness modulus is one of the evaluation indexes. The low-temperature destructive performance of four asphalt mixtures was carried out at a temperature of -10 C and a load frequency of 50 mm / min, and the dimension of plate samples was cut into a size of 250 mm × 30 mm × 35 mm.
The stiffness can be calculated from the data in Table IV and it can evaluate the low-temperature performance of the asphalt mixture. However, that is not comprehensive, and the cracking process of the asphalt mixtures is the energy dissipation from the perspective of energy analysis. The dissipation energy density function is used to represent the energy per unit volume of the asphalt mixtures at this stage, and its size is the area enclosed by the stress-strain curve. The bending coefficient is used to characterize the trend of the curve in the stress-strain diagram of the asphalt mixture during the loading process and as the lowtemperature performance evaluation index of the asphalt mixture. This method considers the dissipation energy density, bending strength and maximum bending strain, respectively, and evaluates the low-temperature crack resistance of asphalt mixture more objectively. 
where, L is the length of the test pieces, P B is the maximum load, b is the width of the test pieces, h is the hieght of the test pieces, the σ ij is the stress components, the ε ij is the strain components, the S u is the bending coefficient, the dw/dv is the density of dissipated energy (kJ m −3
), the R B is the flexural tensile strength (MPa), the ε B is the flexure tensile strain (με), the S B is the stiffness (MPa). Using the above formulas and data in Table IV,  Table V can be obtained.
From Table V , the SBS modified mixture is one of widely used for asphalt pavement with a good low-temperature performance. The flexural tensile strength of base and SBS modified asphalt mixture is lower than those of the BRA modified asphalt mixtures. The dissipated energy of modified asphalt mixtures with different contents of BRA is higher than those of base and SBS modified asphalt mixtures. Therefore, seen from the energy dissipated in the asphalt mixtures, the addition of BRA helps mixtures resist low-temperature cracks.
Water Stability
The asphalt binder is peeled off from the mixture surface under the effect of water or water vapor, which reduces the adhesion between the asphalt binder and aggregates. This evaluation method of water stability is a comparative analysis of the mechanical properties of asphalt mixtures before and after immersion. The water stability of asphalt mixtures was tested by the splitting test after the freeze-thaw cycles. The specimens were formed by the standard Marshall method with the double-sided compactions (50 times). The specimens were filled with water and immersed in water for 20 min. at room temperature. Then, the samples were vacuumed for 15 min and placed in a (−18 C) refrigerator for 16 h. After that, the samples were moved to a water bath at 60 C for 24 h. After curing, the mixture samples were tested by universal testing machine. The test results are shown in Figure 9 including tensile strength ratio (TSR) and tensile strength.
Based on the Marshall standard, the minimum requirement of TSR is 80%, and the high TSR of the asphalt mixtures normally comes with a good water stability. Seen from Figure 8 , the TSR order of four asphalt mixtures is: base asphalt +83%BRA > SBS modified asphalt > base asphalt +77%BRA > base asphalt. TSR of BRA modified asphalt mixtures increased with the increase of the BRA content. The water stability of asphalt mixtures with BRA increased compared to the base asphalt mixture. The main factors related to the adhesion ability of asphalt mixtures are chemical compositions of aggregates and asphalt binders, as well as other additives.
CONCLUSIONS
In this study, the modification mechanism of BRA was analyzed from the viewpoints of microscopic morphology, chemical composition, and molecular structure. Based on the results of this study, the following conclusions can be drawn:
1. The BRA improves the properties of base asphalt is mainly due to the increase of asphaltene and resin, the decrease of penetration and ductility. This structure and compositions of asphalt binders and BRA improve the high-temperature performance for asphalt.
2. The surface morphology of BRA and its ash looks like a honeycomb, and the special structure enhances the adhesion strength between asphalt mortars and minerals. There is no new functional group in the mixing process of the BRA and the base asphalt. The modification process of the asphalt binders with BRA is a physical process.
3. It is seen from the data trend that the high-temperature stability of asphalt mixtures with BRA is enhanced with the increase of the BRA amount, as well as the resistance to water damage. 
